ABSTRACT
INTRODUCTION
In the UK, DNOs own and operate the electricity distribution network in their licensed area. Customers have expectations regarding the QoS, also know as network reliability, provided by the DNO they are connected to. DNOs are subject to an interruptions incentive scheme (IIS), set by OFGEM, which rewards or penalises them with regards to the QoS they provide to their customers. In this context, QoS is measured in terms of average system annual number of interruptions to supply (CI or SAIFI) and duration of interruptions to supply (CML or SAIDI). However, it can be argued that the IIS measures offer strong incentives to improve QoS in urban areas where network investment produces the best return in terms of average CI and CML. Improving system average performance does not necessarily improve the QoS for each individual customer. Therefore, DNOs are also subject to Guaranteed Standards (GS) of performance. GS set supply levels that must be met in each individual case and if a DNO fails to provide the level of supply required, it must make a payment to the affected customer, subject to certain exemptions. This paper focuses on the standards which deal with restoration of supply, namely supply restoration during normal weather conditions (GS2) and multiple interruptions (GS2A). The latter states that customers who experience four or more separate interruptions each lasting three or more hours in any single year will receive a payment [1] .
GS2 states that customers must be reconnected within 18 hours. Failure to do so results in penalty payments [1] . This paper assumes that customers whose performance triggers GS2 or GS2A penalty payments are defined as worst-served customers.
SMCS FRAMEWORK
The most common method used in the electricity distribution industry for the assessment of its reliability is the analytical approach based on failure modes analysis. However, analytical techniques can generally only evaluate mean values of reliability indices, which cannot provide information on their inherent stochastic variations. If only mean values of duration of interruptions are generated, the likelihood of exceeding 18hrs interruption duration, for example, generally cannot be determined. Monte Carlo Simulation methods estimate the reliability performance indices by simulating the random behaviour of the system [2] and producing a distribution of results from which the mean, variance and other statistical measures can be computed. These distributions have been generated, within the framework here described, through the Sequential Monte Carlo Simulation (SMCS) method, which has rarely been used in the reliability performance evaluation of real and very large distribution networks.
Restoration Process
The developed SMCS framework simulates the system behaviour by capturing the sequence of post-fault actions taken by the majority of distribution networks. These are: Protection actions to clear the fault; isolation actions to identify and isolate of the faulty feeder section; switching actions to restore supply to as many disconnected customers as possible; repair actions to repair the faulty feeder section and full supply restoration actions to re-instate the repaired facility and to restore full supply.
Topology searching tools
Most distribution systems are radial systems, or if meshed systems are constructed, these are operated as radial systems by using normally open points in the mesh. Taking advantage of the radial operation of distribution systems a set of topological search tools have been incorporated in the developed SMCS framework, namely the predecessor and neighbouring functions [3] . These functions are independent Prague, 8-11 June 2009
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Paper No 0638 of the size of the distribution system under assessment. The incorporation of such tools is the basis of the successful practical application of the developed SMCS framework. A thorough description of the topology searching tools and its application within the developed simulation framework can be found in reference [4] .
Thermal, voltage and operating constraints
During the service restoration procedure, no violation of capacity, voltage or operating constraints (such as radial operation) should be allowed. The simple constant current linear load flow model is used within the developed SMCS framework and it has been implemented using the topology search functions described above. The load flow analysis is therefore confined to an affected section of a feeder instead of a full system load flow analysis which would make the thermal and voltage constraints calculations impractical for a large real distribution system.
Modelling of system components
It has been assumed within the SMCS framework that all system components, except overhead (OH) lines and underground (UG) cables, are 100% reliable. The reliability behaviour of each OH line and UG cable has been captured using components reliability data, such as mean time to fail (MTTF) or failure rates, mean time to isolate (MTTI), mean time to switch (MTTS) and mean time to repair (MTTR) [5] . An important limitation of most analytical methods is that component up (TTF) and down (TTI, TTS and TTR) times are assumed to be exponentially distributed. Simulation methods however are not so restrictive and can model various types of probability distributions for TTF, TTI, TTS and TTR. The case studies presented in this paper have been determined assuming that OH lines and UG cables TTS follow an exponential distribution, whereas their TTI, TTS and TTR follow a log-normal distribution.
REAL DISTRIBUTION NETWORK
The distribution system under assessment is the HV (11kV) network of one of the largest DNOs in the UK. Because of confidentiality reasons, number of customers, circuit lengths and number of distribution substations have been modified. The HV network makes the greatest individual contribution to both its number of customer interruptions and customers minutes lost. The DNO under assessment distributes electricity to approximately 2.3 million customers over 12,000 km of 11kV UG cables and 15,000 km of 11kV OH lines. It has over 2,100 feeders with more than 45,000 distribution substations (11/0.4 kV). The performance evaluation of such a large network has been possible in a short period of time due to the development of size independent topology searching tools.
MULTIPLE INTERRUPTIONS GS: GS2A
The Electricity (Standards of Performance) Regulations 2005 [1] states that under the GS, which deals with multiple interruptions, customers who experience more than three separate interruptions each lasting three or more hours (3x3) in any single year will receive a payment of £50, subject to certain exceptions. The multiple interruptions GS is intended to protect the customers (worst-served customers) who might not benefit sufficiently from incentives to improve average performance through the interruption incentive scheme. The average number of worst-served customers can be determined by quantifying the probability of a distribution transformer (DT) experiencing more than a certain number of interruptions each lasting more than three hours, which can be directly obtained from the cumulative distribution function of each DT number of interruptions (each lasting more than three hours). This is then multiplied by the number of customers connected to that DT. Fig. 1 shows the probability of customers experiencing more than three interruptions each lasting at least three hours (3x3). This has been determined using the developed SMCS framework. For simplicity of representation, customers connected to underground (UG), overhead (OH) and mixed (MX) type feeders will be designated UG, OH and MX customers respectively. UG feeders are those whose percentage of UG cables exceeds 90% of the total feeder's length. Similarly OH feeders are those whose percentage of OH lines exceeds 90% of the total feeder's length. MX feeders are all the others. According to the results shown in Fig. 1 the majority (99.4%) of UG customers (typically connected to urban networks) were found to have very low probability of exceeding the 3x3 threshold. The other 0.6% had a likelihood of up to 4% of exceeding the 3x3 threshold. As far as OH customers (normally connected to rural networks) are concerned these are more likely to exceed the 3x3 threshold and only 35% of those customers are expected not to exceed the current GS2A threshold. OH lines are generally longer and more exposed to failure than UG Prague, 8-11 June 2009
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cables and consequently customers fed by OH lines will be interrupted more frequently. OH lines are generally part of rural areas and customers living in those areas do not experience the same level of service as those in urban areas, which is not to say that they should be discriminated against.
The average number of worst-served customers can be derived from results depicted in Fig. 1 by multiplying the number of customers by their probability of exceeding 3x3 interruptions. For the DNO under investigation the average number of worst-served customers was found to be 582 customers (0.03% of the total DNO customers) under the current 3x3 GS2A threshold, as depicted in Fig. 2 . 
Distribution of worst-serve d customers

Impact of the number of multiple interruptions threshold
In order to quantify the impact that the number and duration of interruptions threshold has on the Guaranteed Standard of performance that deals with multiple interruptions, some sensitivity studies were performed. Fig. 3 depicts the impact of varying the number of interruptions threshold around the current threshold of four (duration threshold was kept unchanged). Clearly, the number of interruptions threshold has a substantial non-linear impact on the number of worstserved customers. If the number of interruptions threshold decreases, the number of worst-served customers would increase and consequently the distribution company under investigation would spend more money to compensate those worst-served customers. Fig. 3 . Impact of the number of interruptions threshold on number of worst-served customers From Fig. 3 it can be seen that a change from the current threshold of four interruptions to one would increase the average number of worst-served customers from 582 (0.03% of total DNO number of customers) to approximately 160,000 (7% of total DNO number of customers) respectively. On the other hand, if GS2A was to be set to say five, six or seven interruptions, the number of worst-served customers would decrease. If the Multiple Interruption Guaranteed Standard was set to seven or more interruptions, each lasting three or more hours, the average number of customers entitled to compensation would be three.
Impact of the duration of interruptions threshold
Studies were carried out in order to quantify the impact of changing the present three hour duration threshold to two and four hours durations. The results are depicted in Fig. 4 . duration of interruption from two to three hours, decreases the number of worst-served customers from 2095 to 582 customers (a decrease of 72%), whereas the number of worst-served customers decreases by just 47% (from 582 to 308 customers) when duration changes from three to four hours. It can also be seen from Fig. 4 that if the GS2A number and duration of interruptions thresholds are set to five interruptions and two hours respectively, the number of worst-served customers would be similar to the expected number under the current GS2A thresholds.
Impact of interruption durations threshold on number of worst-served custome rs
DURATION OF INTERRUPTIONS GS: GS2
As part of the current Guaranteed Standards of Performance GS2, which deals with the duration of restoring customer's supplies after a fault under normal weather conditions, DNOs should restore customers' supplies within 18 hours following unplanned interruptions. Failure to do so results in a penalty payment [1] . The compensation methodology is different from the GS2A as there is not a "one fits all" penalty payment. If domestic customers' supplies are not restored within 18 hours, they will be entitled to £50 (£100 for non-domestic customers) for the first 18 hours plus £25 for each additional 12 hours. It is important to mention that the Guaranteed Standards of Performance GS2 and GS2A do not overlap. If a customer is interrupted for more than 18 hours, it will be entitled to compensation under the GS2 but that interruption will not count for the GS2A. There is therefore a clear distinction between these Standards of Performance. An analysis of the impact of the current GS2 was performed using the developed SMCS framework. Fig. 5 depicts the predicted average number of customers belonging to the DNO under study experiencing interruptions lasting more than 18 hours. Results are arranged in accordance with the compensation methodology duration intervals (first 18 hours plus additional 12 hours blocks).
Average Number of Customers interrupted for more than 18hrs It can be derived from Fig. 5 Fig. 5 shows that MX networks with a high percentage of overhead lines are more prone to having customers experiencing long duration interruptions.
CONCLUSIONS
This paper has described an approach that enables the impact of different threshold values of GS2 and GS2A on customers and DNOs to be assessed. This information would be of great benefit in the decision-making process associated with future regulation and consultations.
Furthermore, it has been demonstrated that the developed SMCS framework is able to determine the average number of worst-served customers for different threshold scenarios. This is clearly a benefit of Monte Carlo Simulation methods, as opposed to analytical methods, since only the former can help DNOs to predict the average number of worst-served customers and identify the location of loads and customers with a high number of lengthy interruptions.
